Unrelated hematopoietic stem cell transplantation (HSCT) has evolved from an experimental protocol to a potentially curative first-line treatment in certain disease instances. Factors enabling this transformation were the optimization of treatment protocols and supportive care as well as the availability of a large number of donors worldwide along with the higher quality and reliability of HLA typing. The main criterion for donor selection is HLA compatibility. In this review we discuss the current clinical evidence of HLA matching in unrelated HSCT. In this context, we address methodical aspects of transplantation immunobiology research and discuss the impact of locus and resolution of HLA differences. Furthermore, we address special constellations such as unidirectional mismatches or the presence of nonexpressed alleles as well as HLA alloimmunization and describe the perspective for HLA typing and matching strategies in the future, given the implementation of novel complete or near-complete gene typing approaches using next-generation sequencing short read technology, which are now entering the standard of clinical care.
Introduction
Overcoming the histocompatibility barrier for the transplantation of organs and tissues from allogeneic donors is a major achievement of modern medicine. Crucial for this development was the discovery of HLA and the description of its function and structure within the framework of acquired immunity [1, 2] . The transplantation of blood stem cells represents a massive interference with the immunological homeostasis of patients. A new lympho-hematopoietic system emerges in the recipient from donor stem cells, which replaces the diseased bone marrow. Immunological reactions of patient against donor cells are referred to as host-versus-graft responses (HvG vector). Immune reactivity of donor cells against recipient tissue is referred to as graft-versus-host (GvH vector) alloreactivity, which exerts an immunotherapeutic effect on neoplastic cells called graft-versus-leukemia (GvL) effect. However, GvH alloreactivity is also associated with severe side effects in transplant recipients [3] . The latter is called GvH disease (GvHD), which is a major factor in transplant-related morbidity and mortality and affects a large proportion of patients in various degrees of severity [4] . The indications for allogeneic stem cell transplantation are broad and include various malignant and benign diseases of the hematopoietic system, encompassing aplastic anemia, hemoglobinopathies, inborn errors of metabolism, and severe immunodeficiencies [5, 6] . Of eminent importance is the histocompatibility between donor and recipient [7] . Over the past two to three decades, allogeneic stem cell transplantation has evolved Up to date 23,907 HLA alleles have been described (HLA Database 3.37 2019-07) [13] . The resulting diversity of HLA phenotypes complicates the investigation of the impact of HLA differences on the outcome of HSCT. HLA incompatibilities occur at different loci, with different allele combinations, and in different HLA phenotype contexts, which in turn affect the spectrum of the presentable antigens [14] . Basically, each HLA phenotype is unique, and grouping in scientific analyses is a simplification that yields a value averaged over many instances. In addition, qualitative and quantitative effects must be considered in such analyses. Quantitative effects are usually reported by estimates of regression methods (Cox regression, competing risks regression) and as relative risk or hazard ratio of events in one group compared to the control or reference group. Qualitative effects are examined by the analysis of different endpoints. Important endpoints in this context are overall survival, disease-free survival, transplant-related mortality (TRM), relapse incidence, nonrelapse mortality and GvHD incidences [15] . As a result of the fact that the majority of patients are transplanted with completely matched donors (accord-ing to the current criteria), very small groups are found in subanalyses according to mismatched locus or allele combinations. This in turn limits the statistical power. Consequently, the size of the study cohorts is an important factor. In order to investigate HLA matching in unrelated HSCT, larger cohort sizes are often necessary, which can only be achieved with retrospective and cross-sectional studies using registry data. Furthermore, ethical considerations prevent controlled trials with study arms selecting HLA-mismatched donors over HLA-matched donors when inferior survival is expected for the patients with mismatched donors. Therefore, the level of evidence available in the literature is usually 2b or less (level 2b: individual cohort study or retrospective cohort study). Nevertheless, the HLA matching grade is one of the most important predictors for the success of HSCT and usually the most important criterion for selection of unrelated donors.
The Impact of HLA-A and HLA-B Mismatches
Classical HLA molecules are codominantly expressed, with HLA-A and HLA-B showing the highest expression among HLA class I molecules [16] . In all major studies, HLA-A and HLA-B mismatches increased the risk for mortality ( Table 1) . In large retrospective studies, mostly based on patients with malignant primary disease, relative risk ratios in the range of 1.17-2.20 and 1.16-1.90 have been reported for single HLA-A and HLA-B mismatches, respectively, when compared to patients with completely matched donors. In practice this corresponds to one or two additional deaths in 10 treated patients solely due to HLA incompatibility [7, [17] [18] [19] [20] [21] . In the presence of more than one HLA incompatibility, the risk of individual mismatched loci cumulates, so that a careful benefit/risk evaluation should be carried out in these patients, taking into account alternative stem cell sources, such as haploidentical stem cell transplantation or umbilical cord blood (CB) transplantation [21, 22] . To date, no significant quantitative difference between HLA antigen incompatibilities, at the level of serologically distinguishable specificities, and HLA allele differences for these loci has been shown in any of the mentioned studies. Alloreactivity in HSCT is dominated by T lymphocytes, which are present in the transplant and are newly formed from donor stem cells [23] . B cells reconstitute later after transplantation, and their influence on acute GvHD is considered less important, albeit conclusive data on this aspect are sparse [24] . High-resolution HLA typing in HSCT is mandatory as relevant T cell epitopes cannot be differentiated in the region of the peptide-binding domains of HLA molecules by low-resolution HLA typing [25] . The occurrence of GvHD correlates strongly with the pres- ence of HLA incompatibilities [26] . Since GvHD is one of the main causes of morbidity after blood stem cell transplantation, HLA mismatches also have an effect on TRM.
Here the relative risks lie in the range of 1.07-2.26 in the presence of a single HLA-A or HLA-B difference [17, 21] . Although GvHD is perceived to be accompanied by a positive graft-versus-leukemia component, a lower but not significantly reduced incidence of disease recurrence in single mismatched transplantations has been observed in several large studies [7, 18, 21, 27] . Consequently, the HLA effect on disease-free survival is less pronounced since here the occurrence of a disease relapse is also evaluated. It can be concluded that the unfavorable effect of HLA incompatibilities on TRM overcomes a potentially beneficial effect on disease recurrence. The latter should therefore not be included in considerations on the selection of donors in the presence of HLA-A and HLA-B mismatches. It remains to be clarified whether this notion also holds for HLA mismatches in other loci, as it has been reported that specific combinations of mismatches in HLA-C and HLA-DPB1 may significantly reduce RI and thus improve overall survival rates [28] .
The Impact of HLA-DRB1 Mismatches HLA class II antigens are heterodimers formed by the products of two genes encoding for an alpha and a beta chain [29] . The HLA-DRB1 gene forms the beta chain of the HLA-DR antigen. It shows the highest diversity among all HLA class II genes. It is also the HLA class II molecule with the highest cell surface expression when compared to other HLA class II antigens [30] . HLA class II is expressed by professional antigen-presenting cells (macrophages, B lymphocytes, and dendritic cells) but may be induced upon activation in other cells [31, 32] . A particularity of HLA-DR is the association with different polymorphic HLA-DRB3, HLA-DRB4, and HLA-DRB5 genes. These form the DR52, DR53, and DR51 antigens, which are however expressed at a lower level [33] . Although the HLA-DRB3/4/5 genes are currently not routinely typed, these associations are important as due to the strong linkage, HLA-DRB1 differences between patients and donors may be linked with additional differences among the HLA-DRB3/4/5 genes. These may contribute to HLA-DRB1 mismatch-associated morbidity particularly if a DR52, DR53, or DR51 antigen is absent in either donor or recipient [34, 35] . Early studies had indicated that HLA-DRB1 mismatches are particularly risky, and this is the reason why differences at the HLA-DRB1 locus are often avoided in donor selection [36] . Consequentially, the numbers of patients in large retrospective cohort studies are rather low when compared to HLA-A-or HLA-C-incompatible cases, limiting the power of these analyses. Nevertheless, most studies conducted in Europe or the US showed high risk of mortality and particularly of TRM (Table 2 ). This high posttransplant morbidity is apparently caused by a high incidence of acute GvHD in these patients, while its effect on chronic GvHD and relapse appears less pronounced. The data from the Japanese Marrow Donor Program are different, showing generally lower hazard ratios for HLA-DRB1 mismatches [37] . Immunogenetic characteristics of the Japanese population that are also reflected in the donor selection process, possibly resulting in identification of donor-recipient combinations with a low immunogenicity, may account for the discrepant outcome results [38] . This is interesting, as the numbers at risk in the Japanese studies are markedly higher when compared to data from Europe and the US. This aspect is further discussed in the section "High Risk and Permissible Allele Combinations."
The Impact of HLA-C Mismatches
When it was reported that HLA-C differences increased mortality risk in a large National Marrow Donor Program study [39] , HLA-C typing and matching was immediately included in many national donor search and matching strategies. This observation has since been repeatedly confirmed. Hazard ratios for the endpoint overall survival ranged between 1.13 and 2.12 [17, 27] . When HLA-C allele and antigen mismatches were analyzed separately, HLA-C antigen differences showed hazard ratios comparable to any other HLA mismatch, while HLA-C allele differences were better tolerated [7, 21] . This is probably caused by the presence of permissible mismatches, which occur quite frequently [40] . In general, the transplantation biology of HLA-C is complex as several factors influence HLA-C-mediated alloreactivity. It has been shown that the expression of HLA-C molecules on the cell surface is variable and depends on the haplotype context as well as on other genetic polymorphisms in the proximity of the HLA-C gene [41, 42] . Indeed, in a clinical study, the inferred HLA-C expression in HLA-C mismatched transplantations correlated with outcome [43] . Additionally, the already mentioned presence of permissible mismatches may confound the analysis of HLA-C allele differences when compared to HLA-C antigen differences. Stratification for permissible mismatches (namely HLA-C*03: 03/03: 04) may segregate HLA-C allele differences in mismatches with low or no effect on allorecognition and in ones with a detrimental effect on outcome [40] . However, knowledge about permissible mismatch combinations is still incomplete at present, and the clinical evidence to date only supports preferring HLA-C*03: 03/03: 04 mismatches over other DOI: 10.1159/000502263 HLA differences. Above this, HLA-C molecules act as ligands to KIR receptors. All HLA-C alleles can be separated into two groups. Group 1 is characterized by an asparagine at amino acid position 80, and group 2 is characterized by a lysine at position 80 in the mature protein. HLA-C group 1 alleles interact with the KIR2DL2/3 and KIR2DS2/3 receptors and HLA-C group 2 alleles interact with the KIR2DL1 and KIR2DS1/5 receptors. There is some evidence that these interactions may influence NK-mediated alloreactivity and potentially relapse control, but the evidence is not conclusive at present and is only rarely considered with regard to donor selection [44] .
The Impact of HLA-DQB1 Mismatches
HLA-DQB1 forms the polymorphic beta chain of the HLA-DQ antigen. The HLA-DQA1 gene shows only limited diversity and is currently not routinely typed for HSCT purposes. The HLA-DQ antigen shows markedly lower expression as compared to HLA-DRB1 [45, 46] . Due to the strong linkage within conserved HLA haplotypes, HLA-DQB1 differences are rare if the donor is matched for HLA-A, HLA-B, HLA-C, and particularly HLA-DRB1 [47] . Large retrospective studies could not show a significant effect of HLA-DQB1 matching on HSCT outcome [7, 37] . This may be due to the low number of DQB1 differences and a resulting low statistical power or lower hazard ratios. The presence of permissible mismatches may also be a possible explanation. In a study with German patients conducted by our group, DQB1 allele differences showed no increased hazard ratios, while HLA-DQB1 antigen differences showed hazard ratios similar to other HLA differences. However, statistical significance was not reached in this subanalysis when corrected for multiple testing [21] . In a recent meta-analysis, HLA-DQB1 differences showed a hazard ratio of 1.07 (p = 0.142) for overall survival and 1.30 for TRM (p = 0.041), which was significant, among 3,031 patients at risk and 8,531 controls from three studies [48] . These results suggest that HLA-DQB1 is not completely irrelevant. Further work is needed to define permissible and clinically relevant HLA-DQB1 differences. For this purpose, information about linked HLA-DRB3/4/5 as well as possibly HLA-DQA1 should be included [49] . The available data suggest selection of donors with HLA-DQB1 differences over other HLA differences if no 10/10matched donor is available. However, it should be kept in mind that HLA-DQB1 differences may increase transplant-associated complications as shown in the mentioned meta-analysis and also in a case report, where de novo HLA-DQB1/DQA1 antibodies appeared posttransplant, leading to graft rejection [50] .
The Impact of HLA-DPB1 Mismatches
Early studies have indicated that HLA-DPB1 differences associate with increased GvHD risk, but also with decreased relapse rates [36, 51] . An impact on mortality was not observed, which is the reason why HLA-DPB1 was not included in typing and matching strategies back then. In a groundbreaking study using in vitro testing based on mixed lymphocyte culture, it was shown that HLA-DPB1 alleles can be grouped according to their immunogenicity into three groups (low, intermediate, high) [52] . This led to the development of TCE-3 grouping, also known as T cell epitope matching according to the combination of donor/recipient alleles. This grouping was later shown to be predictive of HSCT outcome in a large international cohort study from the International Histocompatibility Working Group in Hematopoietic Cell Transplantation [53] . Nonpermissive mismatches were associated with an increased overall mortality (hazard ratio 1.15) and acute GvHD risk (hazard ratio 1.31) when compared to permissive or HLA-DPB1-matched cases. This observation has been repeatedly confirmed since [54] [55] [56] . The molecular pattern behind HLA-DPB1 TCE matching has been characterized, allowing grouping of HLA-DPB1 alleles according to functional and structural dissimilarity. The refined TCE-3 algorithm now allows grouping of all HLA-DPB1 alleles [57] . Only polymorphisms within exon 2 seem to determine immunogenicity. Many transplant centers now include HLA-DPB1 T cell epitope matching as an additional criterion in their donor selection strategies if two or more equally suitable donors are available. It must be noted though that due to the low linkage between HLA-DR/DQ and HLA-DP, approximately 80% of the retrospectively typed donor/recipient pairs are HLA-DPB1-mismatched at one or even two alleles [53] . Furthermore, HLA-DPB1-mediated alloreactivity seems to be influenced by a polymorphism (rs9277534) in the vicinity of the HLA-DPB1 gene. Highly expressed mismatched allotypes led to increased GvHD incidence in one study [58] . It would be interesting to investigate whether a combination of the HLA-DPB1 expression level concept and the TCE-3 algorithm leads to an improved prediction model for HLA-DPB1 matching.
The Mismatch Vector
The vector of HLA incompatibilities is mostly bidirectional. This means that patient and donor express a different HLA allotype of the mismatched gene. If, however, the patient or the donor is homozygous at the locus concerned, mismatches are incompatible in either the HvG or the GvH direction. The HvG mismatch implies that the nonshared HLA allotype is only present on donor cells, whereas in the GvH incompatibility the nonshared HLA allotype is only present on recipient cells. In one dedicated study, it was observed that transplantations with single mismatches in the GvH vector showed acute GvHD rates similar to those of bidirectional mismatches, whereas mismatches in the HvG vector exhibited acute GvHD rates similar to those of completely matched transplantations. Mortality was, however, not different between the single mismatched groups, which may be due to power issues or an impaired relapse control in the presence of unidirectional HvG mismatches. Nevertheless, the lower GvHD rates suggest that mismatches at a homozygous patient locus may be more preferable than mismatches at a heterozygous locus [59] .
High Risk and Permissible Allele Combinations
The search success rates for 10/10-matched (HLA-A, HLA-B, HLA-C, HLA-DRB1, and HLA-DQB1) donors range from 60 to 80%, depending on the search and transplantation criteria as well as on the patient's HLA haplotype status [60] . For patients with uncommon haplotypes, success rates are poor (as low as 5%), even after months of searching [61] . The patient's ethnical background is also of great importance as non-Caucasian ethnicities or individuals with mixed ethnicities are underrepresented in the world donor pool [9] . Therefore, the identification of high-risk and permissive allele combinations is of importance if no matched donor is available. Many approaches have been undertaken in order to identify such combinations, including in silico methods like the Predicted Indirectly Recognizable HLA Epitopes (PIRCHE), which determines potentially immunogenic peptides deriving from mismatched HLA alleles presented by the shared HLA alleles, and the online tool HistoCheck, which determines a dissimilarity score between mismatched HLA alleles. The HistoCheck score did not show any predictive value, but there is some evidence suggesting that higher PIRCHE numbers associate with adverse outcome in unrelated stem cell transplantation [62, 63] . The biological and functional roles of AA substitutions in key positions of the HLA molecule have been demonstrated to be responsible for severe acute GvHD [64, 65] . All of the identified crucial AA substitutions are either located in the peptide-binding pockets (beta-plated sheet positions 9, 99, and 116; alpha helix of HLA class I position 156) or at killer immunoglobulin-like receptor binding positions (HLA class I positions 77 and 80). Strikingly, these results suggest that two of the most common HLA-C mismatches in recipient-donor pairs, C*15: 02-14: 02 and C*04: 01-12: 03, should be considered as highrisk mismatches since they differ by 5-6 key AA substations [66] . The Japanese Marrow Donor Program re-search group identified several high-risk allele mismatch combinations, e.g., HLA-A*02: 01-02: 06, HLA-A*26: 02-26: 01, HLA-B*15: 01-15: 07, and HLA-C combinations where either C*03: 03 or C*03: 04 had been mismatched with C*04: 01, C*08: 01, C*14: 02, or C*15: 02 [66] . For HLA class II they identified HLA-DRB1*04: 05-04: 03, HLA-DPB1*03: 01-05: 01, and DPB1*05: 01-09: 01 as being high-risk mismatches. However, only the HLA-A and HLA-C mismatch combinations could be linked to the subsequently identified AA substitutions (B9, C99, and C116). Hence, identification and avoidance of the aforementioned AA mismatches alone does not guarantee a better outcome after mismatched HSCT. In another study the mismatch combinations HLA-DRB1*11: 01-11: 04 and HLA-DQB1*03: 01-03: 02 were proposed as low-risk HLA differences [17] . One of the first allele mismatches that was considered to be permissible was C*03: 03-03: 04, as indicated by cytotoxic T cell precursor frequency assays [67] and later on supported by a large-scale study showing that single mismatched C*03: 03-03: 04-transplanted patients had a similar outcome compared to 8/8-matched patients [40] . These two alleles differ in only one AA. In contrast, the HLA-B*44: 02-44: 03 allele mismatch (also only one AA difference) has been shown to induce powerful alloreactivity [68] . In summary, the current evidence suggests selection of single HLA-C allele (particularly the combination HLA-C*03: 03/03: 04) or single HLA-DQB1 mismatches over donors with other HLA differences.
HLA Matching in CB Transplantation
The role of HLA matching in umbilical CB HSCT has been controversially discussed for almost two decades. Whereas some research groups reported a beneficial influence of HLA matching, other publications demonstrated positive effects of HLA-mismatched grafts. As a result, the National Marrow Donor Program as well as the Blood and Marrow Transplant Clinical Trials Network both only recommend the use of high-or intermediateresolution HLA-A, HLA-B, and high-resolution HLA-DRB1 typed and at least 4/6 HLA-matched CB units [10, 69] . In a study comparing transplantation outcomes of pediatric patients with hematologic malignancies transplanted with high-resolution HLA-matched and -mismatched grafts, the incidence of severe (grade III-IV) GvHD was significantly increased if the transplant pair was mismatched for more than one HLA allele [70] . However, these results are limited by small case numbers, especially regarding 6/6-matched transplantations (16 out of 179), and do not allow definitive conclusions. In adults, data on the impact of HLA matching on CB HSCT are more conclusive. Regarding the overall effect of HLA dis- parity, the risk of TRM was increased if a single or two or more HLA mismatches were present [71] . A large-scale study that included 1,202 CB transplantations facilitated by the New York Blood Center National Cord Blood Program demonstrated striking differences between subgroups of patients with unidirectional mismatches. Transplantations with mismatches in the GvH direction only (GvH-O) did not show lower TRM or treatment failure rates compared to 6/6-matched CB transplantations and exhibited comparable neutrophil and platelet engraftment rates [72] . Mismatches in the HvG rejection direction only, however, were detrimental as such mismatched transplantations showed significantly delayed engraftment and increased risk of relapse in this patient group when compared to the GvH-O group. A particular group of possibly permissive HLA mismatches consists of the so-called noninherited maternal antigens (NIMAs). During pregnancy, the developing fetus is exposed to maternal cells expressing noninherited HLA antigens and thereby develops tolerance to these HLA-mismatched NIMAs [73] . It was shown that NIMA-matched CB transplantations show similar outcomes to 6/6-matched transplantations [74, 75] . Compared to NIMA-mismatched transplantations, TRM and treatment failure rates were lower.
HLA Antibodies
HLA alloimmunization occurs mostly upon exposure to HLA antigens during pregnancy, transfusion, or transplantation [76] . In the transplant setting, preformed anti-HLA antibodies in patients or donors may exist. Most relevant are preformed donor-specific HLA antibodies in patients. Prevalence of such antibodies has been associated with a high risk of graft failure in unrelated stem cell transplantation [77] . The prevalence of HLA alloimmunization in patients undergoing HSCT ranges between 19.6 and 39.4%, and the prevalence of donor-specific alloimmunization depends strongly on the donor source, with rates up to 83% in haploidentical transplantation or CB transplantation due to the larger number of HLA mismatches as compared to matched unrelated or matched related transplantation [78] . Therefore, patient antibody screening is recommended routinely in these instances [79] . Particularly complement fixing antibodies, as detected by the C1q assay in Luminex SAB testing, has been reported as highly predictive of graft failure [80] . Higher levels of antibodies as determined by median fluorescence intensity seem also to associate with higher rates of graft failure. Reduction of pretransplant HLA antibodies has been attempted with rituximab in combination with plasmapheresis/immunoadsorption or by infusion of corresponding antigen-bearing platelets, but often only with limited success. Donor-preformed HLA antibodies may lead to passenger lymphocyte syndrome, characterized by induction of high antibody levels 7-10 days after transplantation, which gradually decline afterwards and disappear within 3 months [81] . A higher risk for occurrence of passenger lymphocyte syndrome has been reported in HLA-incompatible transplantations and with peripheral blood stem cells as graft source. Clinical consequences may be a decrease in thrombocyte counts and thrombocyte transfusion refractoriness. Theoretically, the incidence and severity of acute GvHD may be influenced; however, data on this issue are sparse [82] . De novo HLA antibodies after transplantation are a common problem in solid organ transplantation, but occur only seldom in HSCT. Nevertheless, they may lead to graft failure in some cases [83] . In chronic GvHD, antibody-mediated processes have been postulated to play a significant role, particularly in the context of skin affection [84] . Whether HLA antibodies play a role in this situation has not been conclusively evaluated yet. The presence of donor-specific HLA antibodies has not been comprehensively assessed in most of the major studies and may contribute to the detrimental effect of HLA mismatches to some smaller extent, as the vast majority of patients do not exhibit donor-specific, high-titer, C1q+ HLA antibodies.
Summary and Perspective
In unrelated donor selection, matching for the classical high-expression loci (HLA-A, HLA-B, HLA-C, HLA-DRB1) is still the paramount criterion. Also important factors to consider are CMV compatibility and donor age. If more than one equally suitable donors are available, further parameters such as DPB1 epitope matching, blood group, and donor sex may be considered. With regard to HLA typing, the introduction of benchtop sequencers and targeted sequencing kits for HLA genes marks another quantum leap in the evolution of HLA diagnostics. The current industry standard for these kits is complete or nearly complete gene typing for HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DRB3/4/5, HLA-DQA1, HLA-DQB1, HLA-DPA1, and HLA-DPB1 using amplification with long-range PCR and shotgun sequencing with short read technologies. This approach offers several benefits in reliability and depth of resolution. Besides the reduction of ambiguities, these assays allow for detection of most or all nonexpressed alleles. These socalled null alleles may lead to a missing antigen in either donor or recipient and may remain undetected in conventional typing methods if the causing polymorphism is outside of the amplified region (usually the antigen recognition domain, ARC). Such differences are highly clin- ically relevant as they must be viewed as full antigen mismatch. Table 3 shows the most frequent nonexpressed HLA alleles including HLA-DRB3/4/5 based on our registry donor typing and data from the Zentrales Knochenmarkspender-Register Deutschland [85] . Another benefit is the inclusion of additional genes (HLA-DRB3/4/5, HLA-DQA1, and HLA-DPA1). These may enable identification of unusual haplotype associations, which may also be associated with the presence of absence of an antigen [86, 87] . Furthermore, differences within the ARC of these genes may be relevant in some situations as epitopes are formed by the alpha and the beta chain together. This may enable generation of donor-specific antibodies even if the beta chain is matched between donor and recipient, possibly leading to graft rejection [50] . One study has already shown that the cumulative number of differences for the low-expression loci HLA-DRB3/4/5, HLA-DQ, and HLA-DP associate with adverse outcome [49] . It is likely that future large cohort studies will show that inclusion of these loci in typing and matching strategies for unrelated donor search is beneficial for HSCT outcome. Moreover, the definition of coding polymorphisms outside the ARC is possible with these tests, sparking intense research evaluating their impact on unrelated HSCT. In a study conducted by the Anthony Nolan Research Institute, 29.1% of transplant pairs showed differences outside the ARC in transplant pairs thought to be 12/12-matched based on conventional typing. Fulllength-matched transplant pairs had a better survival as compared to ARC-matched but full-length-mismatched transplant pairs including intronic and UTR variations [88] . Novel matching approaches for full-length HLA sequences may identify supermatched donor/recipient combinations leading to lower GvHD and better survival [89] . Another interesting concept is the evaluation of haplotype matching in unrelated stem cell transplantation, i.e., the matching of conserved extended HLA haplotypes, which may improve survival due to matching of potential relevant polymorphisms beyond the typed antigens [90, 91] . Lastly, the high throughput of next-generation sequencing technology allows inclusion of further parameters, for which preliminary data show relevance in unrelated HSCT, like HLA-E and MICA [92] [93] [94] . In summary, the novel next-generation sequencing completegene assays improve histocompatibility testing for patients and donors in HSCT and will likely lead to a further improvement of HSCT outcomes in the future.
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